Yttria-substituted zirconia is a material that is being considered for use as an inert matrix fuel in nuclear reactors, but a complete characterization of these materials is required for them to be licensed for use. A series of NdxY0.25-xZr0.75O1.88 materials have been synthesized using a co-precipitation method, and the thermal stability of these materials has been studied by annealing them at 1400 °C and 1500 °C. (Nd was used as surrogate for Am).
Introduction
World energy demands continue to increase as the world becomes more industrialized, while climate change is dictating that this energy be produced with relatively low carbon emissions. [1] [2] [3] Nuclear energy is a proven means to generate vast quantities of electricity while producing minimal lifetime carbon emissions. 3, 4 However, nuclear power generates radiotoxic waste that must be stored securely for thousands of years. 5, 6 Spent nuclear fuel must be stored for long periods of time due to the presence of transuranic species (TRUs; i.e., Pu, Np, Am, Cm), which account for the majority of the fuel radiotoxicity after several hundred years. [7] [8] [9] These TRU elements could be eliminated by "burning up" (i.e., transmuting) the elements in commercial nuclear reactors, and inert matrix fuels (IMFs) have been proposed as a means for burning up TRU elements in current generation reactors. 7, [9] [10] [11] [12] An IMF consists of TRU elements embedded in a neutron transparent (inert) material. Cubic zirconia (ZrO2), which adopts the fluorite structure, has often been proposed for use as IMFs due to its low neutron crosssection, chemical durability, and resistance to radiation damage. [13] [14] [15] [16] Further, cubic zirconia has the added benefit of being a viable long-term storage material, which would allow for direct storage of the spent nuclear fuel without the need for further reprocessing. 13, 17, 18 However, pure cubic zirconia is not stable at temperatures below 2370 °C, adopting a tetragonal structure between 1170 -2370 °C and a monoclinic structure below 1170 °C. [19] [20] [21] [22] The tetragonal and monoclinic structures are formed by distorting the cubic fluorite structure. [23] [24] [25] [26] The cubic structure can be stabilized by adding an aliovalent cation, and Y 3+ has been commonly used as the dopant ion. 22, [27] [28] [29] [30] The size difference between Y 3+ and Zr 4+ as well as oxygen vacancies generated by charge balancing requirements act to stabilize the fluorite structure. 19, 31 In doped cubic zirconia systems, the dopant and Zr are randomly distributed in the Zr 4a site. 19, 31 The depth of knowledge regarding yttria-stabilized zirconia (YSZ) is large, and YSZ materials have been studied extensively for use in a wide variety of applications, including solid-oxide fuel cells, refractory material applications, and structural wear components. 14, 20, [32] [33] [34] [35] [36] However, research to determine how the material properties are impacted by adding TRU species to YSZ remains relatively rare. It is necessary to understand how stability of the fluorite structure of YSZ is impacted by the addition of TRU elements, as there is an increase in volume and a decrease in thermal conductivity accompanying 5 nitric acid while ZrOCl2·8H2O (Alfa Aesar, 99.9%) was dissolved in deionized water at room temperature. The boiling Nd 3+ /Y 3+ solution was added to the room temperature Zr 4+ solution and room temperature concentrated ammonia was added which resulted in the formation of a precipitate. The solid was collected via vacuum filtration, washed with deionized water to remove counter-ions and excess ammonia, and dried in air at 110 °C for 24 h. The dried precipitate was then calcined as a free powder at 800 °C for 24 h, resulting in the final product. These materials are referred to as the "as-synthesized" samples in this article. Aliquots of the as-synthesized materials
were then annealed at 1400 °C and 1500 °C as free powders for 24 hours. The NdxY0.25-xZr0.75O1.88 materials prepared by the ceramic method using binary metal oxides as reactants were synthesized for a previous study, and the full experimental details of the synthesis of these materials have been previously described. 39 The phase identification of the as-synthesized and annealed materials was performed using powder XRD.
The powder XRD patterns were collected using a PANalytical Empyrean diffractometer using either Cu Kα1,2 (λ=1.5406 Å) or Co Kα1,2 (λ=1.7890 Å) radiation. Phase quantification was obtained by Rietveld refinement using the PANalytical X'pert HighScore Plus software program. 42 Rietveld refinements were performed by fitting cubic ZrO2, tetragonal ZrO2, and monoclinic ZrO2 phases to the data. [43] [44] [45] The phases used to model the diffraction data were adapted from the pure ZrO2 patterns by adding Nd and Y to the crystallographic site occupied by Zr. The site occupancies were set to be consistent with the ideal stoichiometry of each material. For example, the cubic ZrO2 pattern for the Nd0.10Y0.15Zr0.75O1.88 pattern was generated by adding Nd and Y to the Zr 4a site. The Zr site occupancy was set to 0.75 while the Nd site occupancy was set to 0.10 and the Y site occupancy was set to 0.15.
The addition of Y and Nd impacted the intensity of the modelled peaks and improved the quality of the fits. The background was fitted using a 3 rd order polynomial function which also included a 1/2θ term.
SEM and WDS analysis
Scanning electron micrographs were collected from several of the as-synthesized and annealed samples using a JEOL 8600 electron microprobe. Samples were prepared by pressing ~0.125 g of the as-synthesized material into a pellet at 8 MPa, and sintering the pellet at 800 °C for 24 h; these are referred to as the "assynthesized" pellets. After sintering, several of the "as-synthesized" pellets were further annealed at 1400 °C for 24 h; these pellets are referred to as the annealed pellets. The pellets were mounted in a plastic disk using a polymer resin, and the surface of the sample disk was polished to a smooth surface using diamond paste. The surface was coated with a thin C film to reduce charging effects before being inserted into the microprobe sample chamber. All electron micrographs were collected in backscattered electron mode, and the electron beam accelerating voltage was 20 keV.
Wavelength dispersive spectroscopy (WDS) was also performed to collect elemental distribution maps.
The electron beam accelerating voltage was 20 keV and the probe current was 50 nA. The peak counting times were 60 s on peak and 30 s each on high and low background. The X-ray maps were collected using the Nd Lα and Y Lα signals measured simultaneously using two different WDS spectrometers. The WDS spectrometers were tuned to the correct fluorescence energy using the fluorescence signals from (Nd,Ce)PO4 (Nd Lα1) and Y2O3 (Y Lα1) standards. All X-ray maps were collected at the same magnification and from the same region as the electron micrographs.
Zr K-and Y K-edge X-ray Absorption Spectroscopy
Zr K-and Y K-edge X-ray absorption spectra were collected using the CLS@APS Sector 20 Bending
Magnet beamline at the Advanced Photon Source (APS) located at Argonne National Laboratories. A silicon (111) double crystal monochromator with a Rh harmonic rejection mirror was used, which has a resolution of 2.5 eV at 18000 eV (Zr K-edge), and the beamline flux was ~10 11 photons/s. 46 The samples were prepared by applying the finely ground powders between layers of Kapton tape and adjusting the number of layers to provide optimal absorption. The samples were mounted at 45° to the incident beam and spectra were collected in both transmission and partial fluorescence yield (PFY) mode. The incident beam ion chamber (Io) was filled with N2(g) while the transmitted beam ion chamber, IT, and reference ion chamber, IREF, were filled with an 80% Ar(g):20%
N2(g) mixture. A Canberra 13 element Ge fluorescence detector was used to record the PFY signal.
The XANES region of the Zr K-and Y K-edge spectra were collected using a 0.3 eV step through the edge. The Zr K-and Y K-edge spectra were calibrated using a Zr metal foil, having a known edge energy of 17998 eV. 47 The metal foil was measured in-line when collecting the Zr K-edge spectra. The spectrum from the Zr metal foil was measured separately when collecting the Y K-edge spectra. The Extended X-ray Absorption
Fine Structure (EXAFS) spectra were collected to k = 15 with a 0.05 k step size.
The EXAFS spectra were analyzed by fitting the parameters of the standard EXAFS equation:
where Nj is the number of j th atoms at a distance Rj from the absorbing atomic centre, Fj(k) is the backscattering function, σj 2 is the Debye-Waller Factor, and ϕj(k) is the phase-shift function of the jth atom. 48 These parameters are described in detail in previous publications. 39, 48 The Zr K-edge EXAFS spectra were analyzed by calculating Fj(k), ϕj(k), and λ for each set of scattering pairs in a given cluster using the FEFF6 code. 49 The Zr-Zr and Zr-Y paths were considered as equivalent, due to the similar atomic number of Zr and Y. The other parameters were fit using a least-squares refinement as described below using the Artemis program, which is included in the Demeter software suite. 50 The scattering cluster for the FEFF calculation was generated from a cubic zirconia model using the lattice parameter determined from the powder XRD analysis. Nd was manually doped into the next nearest neighbor shells. It has been previously determined that the FEFF calculations were not affected by the substitution position of the Nd atom. 39 The Zr K-edge spectra were fitted as follows. Zr-Nd, respectively. The ΔR parameters were calculated to be 2*ΔRZr-O+ ΔRZr-Zr.
The Y K-edge spectra were fitted in a similar manner, except that Y was used as the central atom in the scattering cluster. All other details of the fitting model were identical to the Zr K-edge analysis.
Results and Discussion

Powder XRD
The powder X-ray diffraction patterns from the as-synthesized and annealed NdxY0.25-xZr0.75O1.88 materials synthesized via a co-precipitation method are presented in Figures 1 and 2 and Figure S1 . Only peaks associated with the cubic fluorite phase were observed in the as-synthesized materials. The diffraction peaks were sharper in the materials annealed at high temperature compared to the diffraction peaks from the materials calcined at 800 °C, indicating that the crystallinity of the materials improved upon annealing. Several of the compositions annealed at high temperature were not phase pure, and lower symmetry monoclinic and tetragonal ZrO2, in addition to an unidentified phase, were observed ( Figure 1a, Figure 2 ).
Phase analysis was performed using Rietveld refinement and the results of these fits are given in Table 1 .
The NdxY0.25-xZr0.75O1.88 materials prepared by the co-precipitation method with x ≤ 0.15 that were annealed at high temperatures were phase pure, and only peaks associated with the fluorite structure were observed (Figure 1b , Figure S1 ). When Nd0.20Y0.05Zr0.75O1.88 made by the co-precipitation method was annealed at 1400 °C, minor contributions from monoclinic (4.0 %) and tetragonal (3.4%) ZrO2 phases were observed. Peaks associated with an unidentified phase were also observed when the Nd0.20Y0.05Zr0.75O1.88 material made by co-precipitation was annealed at 1500 °C ( Figure 1a ). Monoclinic (24.7%) and tetragonal (3.6 %) ZrO2 phases were observed when the Nd0.25Zr0.75O1.88 sample synthesized via the co-precipitation method was annealed at 1400 °C (Figure 2a made by the co-precipitation method, the material made by the ceramic synthesis was also observed to decompose to lower symmetry phases upon annealing at 1400 °C, though the degree of decomposition was much less when compared to the material made by a co-precipitation route (Figure 2b ). 39 Again, decomposition to a lower symmetry phase upon annealing is expected based on the calculated Nd2O3-Y2O3-ZrO2 ternary phase diagrams;
however, it was not expected that the degree of decomposition the materials would be dependent on synthetic method. 35 In all cases, no superstructural peaks associated with a pyrochlore phase were observed, indicating that the oxygen vacancies were not significantly ordered on a long-range scale within the material.
The results presented above indicate that the fluorite structure is more stable for the materials made by the ceramic synthetic route than by the co-precipitation route. This stability is likely driven by the kinetics of the cubic to tetragonal ZrO2 and cubic to monoclinic ZrO2 phase transitions, which are controlled by the diffusion of cations within the matrix. [51] [52] [53] [54] In the case of the co-precipitation synthesis, the cations are already intimately mixed at an atomic level, facilitating a faster reaction. This is evident by the difference in the annealing times required to induce phase changes, which were much shorter in the case of the co-precipitation route (24 h) as compared to the materials made by the ceramic route (5 d). These results suggest that the kinetically labile materials made by the co-precipitation method may have reached a thermodynamically favorable endpoint upon annealing. These results also suggest that there is a possibility that while the fluorite structure of the Nd0.20Y0.05Zr0.75O1.88 material made by the ceramic route was stable when annealed at 1400 °C for 5 d, it may not be stable when annealed at 1400 °C for extended periods of time. 39 Further annealing studies, using much longer heating times, should be performed to explore this possibility fully.
The lattice constants of the as-synthesized and annealed NdxY0.25-xZr0.75O1.88 materials made by the coprecipitation and ceramic syntheses were determined by Rietveld refinement (Table 1) , and the lattice constants are plotted as a function of Nd content in Figure 3 . The lattice constants of the as-synthesized materials synthesized by both the co-precipitation and ceramic methods varied linearly with Nd content (x), consistent with Vegard's law. 55 The lattice constants of all the as-synthesized and annealed materials synthesized via coprecipitation were less than the lattice constants of the materials synthesized by the ceramic method. The lattice constants of the materials synthesized by the co-precipitation method increased when they were annealed at 1400 °C and 1500 °C, which resulted in deviations from Vegard's law. The magnitude of the change in the lattice constants induced by annealing at high temperature decreased with increased Nd content when "x" in the chemical formula was less than 0.10. Conversely, the magnitude of the change in the lattice constant caused by annealing increased as the Nd content increased when x was greater than 0.10. The lattice constant of the materials annealed at 1500 °C were lower than the lattice constants of the materials annealed at 1400 °C when x = 0.20 and x = 0.25. It should also be noted that at higher Nd concentrations, the changes in the phase composition, which are driven by Nd segregation within the material (see Section 3.2), likely affect the lattice constant of the fluorite structure.
It has been previously suggested that the fluorite lattice constant is affected by ordering of the metaloxygen polyhedral units. 36 Put another way, this means that the unit cell is affected by how the metal-oxygen polyhedra are arranged, rather than by variations in the local metal-oxygen bond lengths and angles. 36 The lattice constant is expected to increase as arrangement of the metal-oxygen polyhedra becomes more ordered, resulting in less efficient packing of the metal-oxygen polyhedral units. 36 The changes in the lattice constants observed here suggest that there was more long-range disorder in the as-synthesized materials made by the co-precipitation route compared to the materials synthesized by the ceramic method and the materials synthesized by coprecipitation method that were annealed at high temperature. In the case of the ceramic synthetic route, this ordering may derive from both the high temperature at which the materials were annealed and also the inherent crystallinity of the starting materials. The starting binary oxides used in the ceramic route had defined crystal structures, which likely acted as a template, increasing the ordering between the metal-oxygen polyhedra. 56 In contrast, the starting precipitate materials that were formed in the co-precipitation method lacked this inherent structure. This explains why the lattice constants of the materials made via the ceramic method were greater than the materials made via the co-precipitation route.
SEM and WDS
The SEM micrographs and Nd and Y X-ray maps collected from the as-synthesized and annealed NdxScyZr1-x-yO2-δ pellets that were also synthesized using a co-precipitation method and annealed at 800 °C. 57 The surfaces became less faceted and more porous upon annealing at 1400 °C (Figures 4b, 4c ). The topography of the surfaces of the pellets annealed at 1400 °C were similar to the surfaces of NdxYyZr1-x-yO2-δ pellets prepared by the ceramic method. 39 An identical change in topography was also observed by SEM when NdxScyZr1-x-yO2-δ materials made via co-precipitation were annealed at 1400 °C. 57 This indicates that the surface topography depends significantly on annealing temperature, with material composition and synthetic method playing little to no role. 
Zr K-edge XAS
XANES
Zr K-edge XANES spectra were collected from the as-synthesized and annealed samples prepared by the co-precipitation method, and the spectra are presented in Figure 6 and Figure S2 . Three features were observed in the spectra, and are labelled A, B, and B' in Figure 6a . Feature A comprises the pre-edge and results from Zr 1s à 4d transitions while features B and B' comprise the main-edge and result from Zr 1s à 5p excitations.
58,59
The Zr K-edge spectra do not vary significantly as Nd replaces Y in the system. This result indicates that the local Zr coordination environment does not change with composition, which is consistent with our previously reported analysis of NdxYyZr1-x-yO2-δ materials prepared by the ceramic method. 39 The Zr K-edge spectra from the materials prepared by the co-precipitation method and annealed at high temperature are compared in Figure 6b . Changes in the spectra were only observed when the Nd0.25Zr0.75O1.88
material was annealed at 1400 °C and 1500 °C (Inset, Figure 6b ). When Nd0.25Zr0.75O1.88 made by the coprecipitation method was annealed at 1400 °C, the energy separation between features B and B' decreased and there was an increase in intensity of the spectrum at ~18020 eV. This change has previously been shown to correspond to a transition to lower symmetry ZrO2, and is consistent with the powder XRD results (vide supra). 39 The spectrum from the Nd0.25Zr0.75O1.88 material annealed at 1500 °C was similar to the spectrum from the assynthesized material, though a decrease in the energy separation between features B and B' was still observed.
This change indicates that lower symmetry ZrO2 was still present in the system, but not to the degree that was observed in the Nd0.25Zr0.75O1.88 material annealed at 1400 °C, which is also consistent with the powder XRD results. No changes in the Zr K-edge spectra were observed when any of the other NdxY0.25-xZr0.75O1.88 materials made by the co-precipitation method were annealed at high temperatures.
The Zr K-edge spectra from the as-synthesized and annealed NdxY0.25-xZr0.75O1.88 samples made by the coprecipitation method are compared to spectra from the as-synthesized materials made by the ceramic synthetic route in Figure 6c and Figure S2 . 39 The intensity of feature A is slightly greater in the spectra collected from the materials made by the ceramic route compared to the intensity of feature A in the spectra from the materials made by the co-precipitation route. The pre-edge region is strongly affected by changes in coordination number as breaks in inversion symmetry around the metal centre result in p-d mixing, which increases the dipole character of the forbidden quadrapolar transition. Here, this likely indicates that the coordination number of Zr is lower in the materials made by the ceramic route than by the co-precipitation route. Changes in the intensities of features B and B' were observed between the spectra from the materials made by co-precipitation and the materials made by a ceramic method, and the intensity of feature B' is greater in the spectra from the materials made by the ceramic method compared to the intensity of feature B' in the spectra from the materials made by the co-precipitation method. The intensity of feature B in the spectra from the materials made by the ceramic method compared to the intensity of feature B in the spectra from the materials made by the co-precipitation method. These changes are consistent with the changes in the pre-edge, and are indicative of a change in the Zr CN number. 58, 59 Overall, these results indicate the Zr coordination environment in the quaternary NdxY1-xZr0.75O1.88 materials was not affected by changes in composition or thermal treatment; however, the Zr coordination environment was observed to be dependent on the synthetic route used.
EXAFS
The Fourier transformed Zr K-edge EXAFS spectra were collected from the NdxY0.25-xZr0.75O1.88 materials made using the co-precipitation method, and these are presented in Figure 7 and Figure S3 . Two major features, labelled C and D in Figure 7a , were observed in the spectra. Feature C is attributed to the first shell Zr-O scattering path and feature D arises due to the second shell Zr-Zr, Zr-Y, and Zr-Nd scattering paths. 27, 36, 39 The intensity of feature C changes slightly with composition, though these changes do not appear to have a general trend and are likely observed due to noise within the data. The intensity of feature D decreased as the Nd content increased. The cause for the change is related to interference between the Zr-Zr/Y scattering paths and the Zr-Nd paths; the origin of this phenomenon has been previously described. 39 The intensities of features C and D increased when all of the materials prepared by the co-precipitation route were annealed at high temperature (Figure 7b , Figure S3 ). The magnitude of the change in the intensity of feature C varied with composition. The change in the intensity of feature C appears to correspond with changes in the lattice parameters determined by XRD (Table 1 , Figure 3) , and a change in the intensity of feature C was observed when a change in the lattice constant was observed. The intensity of feature C in the spectrum from the Nd0.25Zr0.75O1.88 sample annealed at 1400 °C was more intense than the intensity of feature C the spectrum from the Nd0.25Zr0.75O1.88 sample annealed at 1500 °C. The increase in the intensity of feature C could be attributed to increased ordering within the system, and these results likely indicate that the local ordering was slightly greater in Nd0.25Zr0.75O1.88 annealed at 1400 °C than in Nd0.25Zr0.75O1.88 annealed at 1500 °C. These observations could explain the origin of the changes in the lattice constants of the NdxY0.25-xO1.88 materials made by co-precipitation upon annealing.
The spectra were fitted to determine the scattering path lengths and ordering parameters, and these results are enumerated in Table 2 and Table S1 . The calculated fits and data are compared in Figures 7c,d and
Figures S5-S10. In all cases, the Zr-O scattering path length was found to be 2.16 Å, which is consistent with previously reported results. 24, 27, 36, 60 The Zr-Zr/Y scattering path length was 3.56 Å, which is also in agreement with previously reported results. 24, 27, 36, 60 The Zr-Nd path lengths determined from the EXAFS fit varied from 3.18 Å -3.77 Å, depending on composition and annealing temperature. The most significant change occurred when the Nd0.25Zr0.75O1.88 material made by co-precipitation was annealed at both 1400 °C and 1500 °C, as the Zr-Nd scattering path decreased from 3.77 Å to 3.36 Å (Table S1 ). The Zr-Nd scattering path length also changed when the Nd0.05Y0.20Zr0.75O1.88 material synthesized via the co-precipitation route was annealed (Table   S1 ). Here, the path length decreased from 3.70 Å to 3.44 Å upon annealing at 1400 °C. The Zr-Nd scattering path length did not change when the other NdxY0.25xZr1-x-yO1.88 materials were annealed at high temperature, and was consistently low, with values under 3.4 Å. These values are unphysical given the fluorite lattice, and it has been previously hypothesized by our group that these values possibly indicate that a Zr-and Y-doped B-Nd2O3 type structure, which has a 3.428 Å M-M bond length, is present in the material. 39, 61 Failures in the fitting model must also be considered as a source of these abnormally low values as well, though these possible failures would not affect the fitted parameters of the Zr-Zr/Y and Zr-O scattering paths.
The Fourier-transformed EXAFS spectra from the as-synthesized and annealed NdxY0.25-xZr0.75O1.88 materials made by the co-precipitation method are compared to the EXAFS spectra from the materials made by the ceramic method in Figures 8 and S4 . The intensities of peaks C and D in the spectra from the as-synthesized materials made by co-precipitation are less than the intensities of peaks C and D in the spectra from the materials made by the ceramic method and the materials made by the co-precipitation method annealed at 1500 °C. The increase in the intensities of these features may be explained by increased ordering within the materials made by the ceramic method and the materials annealed at 1500 °C compared to the as-synthesized materials made by the co-precipitation method. This is consistent with the lower synthetic temperature of the co-precipitation method, and also agrees with powder XRD results. The spectra from the materials made by the ceramic method and the materials made by the co-precipitation method annealed at 1500 °C are similar. This indicates that the the local structure around the Zr metal centres are similar, and that the local Zr structure is more dependent on annealing/synthetic temperature and less on the synthetic method.
Y K-edge XAS
XANES
Y K-edge XANES spectra were collected from several of the as-synthesized and high-temperature annealed NdxY1-xZr0.75O1.88 materials made by the co-precipitation method, and these spectra are presented in Figure 9 and Figure S11 . Three features were observed in the Y K-edge spectra, labelled as E, F, and F' in Figure   9a . Similar to the Zr K-edge, feature E arises from forbidden, quadrapolar Y 1s à 4d transitions and features F and F' are due to dipolar Y 1s à 5p transitions. 36 The spectra did not change when the composition was varied.
co-precipitation route.
The spectra from the as-synthesized materials and materials annealed at high temperatures made via coprecipitation are presented in Figure 9b . As with changes in composition, no significant changes in the spectra were observed when the NdxY1-xZr0.75O1.88 materials were annealed at high temperatures. This suggests that the majority of the changes that occur when the materials are annealed at high temperature are located around either the Zr or Nd metal centres. Further, only minor differences between XANES spectra from materials made by the co-precipitation and the ceramic synthetic methods were observed (Figure 9c , Figure S11 ). This indicates that the Y coordination environment was not affected by the synthetic method used. Overall, the Y K-edge XANES results indicate that the Y coordination environment was stable when the NdxY0.25-xZr0.75O1.88 materials made by a co-precipitation synthesis were annealed at high temperature.
EXAFS
Y K-edge EXAFS spectra were collected from the as-synthesized NdxY1-xZr0.75O1.88 materials as well as materials made by co-precipitation that were annealed at high temperature. The Fourier transformed EXAFS spectra from the as-synthesized materials are presented in Figure 10 . Two features were observed, and these features are labelled as G and H in Figure 10a . Feature G arises from the first shell Y-O scattering path and feature H is assigned to second shell Y-Y, Y-Zr, and Y-Nd scattering paths. 27, 36 Only minor variations in the intensities of features G and H were observed as the composition of the NdxY1-xZr0.75O1.88 materials was varied. This is in contrast to the previous study of NdxY1-xZr0.75O1.88 materials made by the ceramic method, in which the intensity of feature H decreased with increased Nd content. 39 In this previous study, the change in the intensity of feature H was attributed to interference between the Y-Nd and Y-Y/Zr scattering paths. 39 A similar trend was not observed in the spectra from materials made by the co-precipitation route. This could be due to non-homogenous distribution of Nd and Y in the materials made by co-precipitation, with Nd preferentially occupying sites that are separated from Y in these materials. Here, the materials were likely heterogeneous on a short-range to intermediate scale, and this heterogeneity may not be observed in the WDS results.
The intensity of feature H increased when the NdxY1-xZr0.75O1.88 materials made by co-precipitation were annealed at high temperature while only small changes in the intensity of feature G were observed (Figure 10b , Figure S12 ). The increase in intensity of feature H can be explained by the increased long-range ordering in the system, as was shown by the analysis of the powder XRD patterns. In contrast, no changes in the EXAFS spectra were observed when the NdxY1-xZr0.75O1.88 materials made by the ceramic method were annealed at high temperature. 39 This is because the materials made via ceramic reaction were already highly crystalline, and the long-range ordering did not increase appreciably upon annealing.
The EXAFS spectra from the as-synthesized and annealed NdxY0.25-xZr0.75O1.88 materials made by the coprecipitation method were modelled to determine the scattering path lengths and disorder parameters of the Y-O, Y-Y/Zr, and Y-Nd scattering paths, and the results of these fits are presented in Table 3 and Table S2 , and the fitted spectra are plotted in Figures 10c and 10d, Table S2 ). The lower values are not physically meaningful in a fluorite structure, and it has been previously postulated that these results may indicate that a Zr-and Y-doped c-Nd2O3 type structure is present in the material in which Y is intimately mixed with Nd. 39 The σ The Fourier-transformed Y K-edge EXAFS spectra from NdxY1-xZr0.75O1.88 materials made via the coprecipitation and ceramic synthetic method are compared in Figure 11 and Figure S12 The increased disorder in the as-synthesized materials made by the co-precipitation method is due to the lower synthetic temperature, and when these "as-synthesized" materials are annealed at high temperature (i.e., 1500 °C) the local and intermediate Y ordering becomes nearly identical to that of the materials made by the ceramic method.
Conclusions
The thermal stability, long-range structure, and local structure in a series of NdxY0.25-xZr0.75O1.88 materials made by a co-precipitation method have been characterized and compared to NdxY0.25-xZr0.75O1.88 materials made by a ceramic route. 39 This study has shown that NdxY0.25-xZr0.75O1.88 materials can be successfully synthesized at low temperatures using the co-precipitation route. However, these materials are less crystalline and are more disordered than materials made by the ceramic synthetic route. Further, the compositional range at which the fluorite structure is stable at high temperatures is also diminished. The NdxY0.25-xZr0.75O1.88 materials made by the co-precipitation method were only stable at 1400 °C when x ≤ 0.15, whereas the fluorite structure for materials made by the ceramic method was stable when x ≤ 0.20. The materials made by the co-precipitation method are more kinetically labile due to the intimate mixing of the component cations on an atomic level. [51] [52] [53] 63 The XAS results showed that the local coordination environments around the Zr and Y cations were largely similar in the materials made by the co-precipitation method and the ceramic method. The Y K-edge EXAFS and XANES spectra from the compounds made by co-precipitation and those made by ceramic synthesis were identical when the co-precipitated materials were annealed at 1500 °C, with the exception of Nd0.20Y0.05Zr0.75O1.88. These results generally indicate that the main source of long-range disorder within the materials made by the co-precipitation route came from differences in the arrangements of the metal-oxygen polyhedra rather than from disorder within the metal-oxygen polyhedra. The intermediate and long-range structure is strongly dependent on annealing temperature, and the structure becomes more ordered with increased annealing temperature. Overall, this study concludes that NdxY0.25-xZr0.75O1.88 compounds with x ≤ 0.15 made by a co-precipitation method could be suitable IMF candidates. The reduced annealing times required to produce these materials could lead to a significant opportunity to reduce the cost of producing IMF fuels.
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